Understanding the neurochemical composition of the enteric nervous system (ENS) is critical for elucidating neurological function in the gastrointestinal (GI) tract in health and disease. Despite their status as the closest models of human neurological systems, relatively little is known about enteric neurochemistry in nonhuman primates. We describe neurochemical coding of the enteric nervous system, specifically the myenteric plexus, of the rhesus monkey (Macaca mulatta) by immunohistochemistry and directly compare it to human tissues. There are considerable differences in the myenteric plexus along different segments of the monkey GI tract. While acetylcholine neurons make up the majority of myenteric neurons in the stomach (70%), they are a minority in the rectum (47%). Conversely, only 22% of gastric myenteric neurons express nitric oxide synthase (NOS) compared to 52% in the rectum. Vasoactive intestinal peptide (VIP) is more prominent in the stomach (37%) versus the rest of the GI tract (10%), and catecholamine neurons are rare (1%). There is significant coexpression of NOS and VIP in myenteric neurons that is more prominent in the proximal GI tract. Taken as a whole, these data provide insight into the neurochemical anatomy underlying GI motility. While overall similarity to other mammalian species is clear, there are some notable differences between the ENS of rhesus monkeys, humans, and other species that will be important to take into account when evaluating models of human diseases in animals.
controlling smooth muscle motility (Wedel et al., 1999; Furness, 2006) . There is extensive interaction between the plex-uses and between different levels of the GI tract.
The ENS has been estimated to contain nearly 200-500 million neurons in humans, making it the largest collection of neurons outside the brain (Furness, 2006) . ENS neurons have been classified in numerous ways including shape, anatomical projections, electrophysiological properties, function, and neurotransmitter content (Bornstein et al., 2004; Furness, 2006; Schemann, 2005; Costa and Brookes, 2008) . The neurochemical phenotype of enteric neurons is critical to their function and has been extensively studied in guinea pigs, mice, rats, and humans (Gabella, 1987; Ekblad et al., 1988 Ekblad et al., , 1994a Costa et al., 1992; Wattchow et al., , 2008 Porter et al., 1997; 2002; Lomax and Furness, 2000; Furness, 2000 Furness, , 2006 Anlauf et al., 2003; Neunlist et al., 2003; Pimont et al., 2003; Bornstein et al., 2004; Ganns et al., 2006; Murphy et al., 2007; Qu et al., 2008; Ippolito et al., 2009; Mongardi Fantaguzzi et al., 2009) . While essentially every classical neurotransmitter and neuropeptide is expressed in the ENS, particularly prominent roles in mammalian enteric neurotransmission have been ascribed to nitric oxide (NO), vasoactive intestinal peptide (VIP), catecholamines, and acetylcholine (Ach). Reports have demonstrated that the neurochemical constituents of the ENS are qualitatively, although not necessarily quantitatively conserved across species (Anlauf et al., 2003; Schemann, 2005; Furness, 2006; Qu et al., 2008) .
Primate models of human disease have provided valuable information for decades. In fact, abnormalities of GI function are frequently modeled in nonhuman primates. These experiments have included models of simian immunodeficiency virus-induced enteropathy (Orandle et al., 2007; Raffatellu et al., 2008) and inflammatory bowel disease and colitis (McKenna et al., 2008; Raffatellu et al., 2009) , as well as study of pharmacological agents affecting GI motility (Yogo et al., 2008) . Additionally, extensive investigation into neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease, and Huntington's disease has been performed in nonhuman primates. Now that effects of these disorders are beginning to be recognized outside the central nervous system, exploration into peripheral systems, such as the ENS, are critical (Bar et al., 2008; Bjorkqvist et al., 2008; Khan and Alkon, 2008; Lebouvier et al., 2008 Lebouvier et al., , 2009 Lees, 2009 ).
Despite the reliance on primates as the closest model of human neurological systems, relatively little is known about the composition of the ENS in nonhuman primates. Even basic information concerning the neurochemical coding of the ENS is lacking. Only one report has recently been published investigating the neurochemical composition of enteric neurons in nonhuman primates, and that study was limited to proximal colon neurons in a monkey model of Parkinson's disease ).
We report quantitative neurochemical phenotyping of the ENS of the rhesus monkey along the entire GI tract using markers of NO, VIP, catecholamine, and Ach neurons. We focused our investigation on the myenteric plexus and made a direct comparison with human samples. These data indicate considerable neurochemical differences in myenteric plexus composition in different segments of the monkey GI tract. While overall similarity to other mammalian species is clear, there are some notable differences between the ENS of rhesus monkeys, humans, and other species that will be important to take into account when evaluating models of human diseases in animals.
MATERIALS AND METHODS

Tissue samples
Six-micron formalin-fixed paraffin-embedded tissue sections from five 5-year-old rhesus monkeys (Macaca mulatta) were obtained from the Yerkes National Primate Research Center. Regions examined included stomach, duodenum, jejunum, ileum, transverse colon, and rectum. Hematoxylin and eosin-stained sections were examined from each sample to confirm GI tract segment and tissue integrity. At Yerkes, animals were housed in paired housing with free access to standard primate chow and water. All experimental procedures were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Experimental Animals and approved by the Emory University Institutional Animal Care and Use Committee.
Six-micron formalin-fixed paraffin-embedded tissue sections from eight control individuals (Table 1) were obtained from the Arizona Parkinson's Disease Consortium and the Banner Sun Health Brain and Body Donation Program in Sun City, Arizona. Regions examined included stomach, duodenum, and transverse colon. Hematoxylin and eosin-stained sections were examined from each sample to confirm GI tract segment and tissue integrity. All protocols related to the Brain and Body Donation Program were approved by the Banner Sun Health Research Institute Institutional Review Board.
Antibody characterization
Please see Table 2 for a list of all primary antibodies used. The rabbit anti-NOS antibody recognized a band of 161 kD on western blots of human brain (manufacturer's data sheet). The mouse anti-NOS antibody recognized a band of 155 kD on western blots of rat brain (manufacturer's data sheet). Staining was eliminated by preincubation of the diluted antibody (1:500) with 25 μg/ml of recombinant rat protein. Staining for both anti-NOS antibodies colocalized fully when incubated together on intestine slides. Both antibodies stained a similar pattern of cellular morphology and distribution in the monkey and human ENS that was comparable to previous reports concerning NO neurons Bernard et al., 2009; Greene et al., 2009) .
The rabbit anti-VIP antibody recognized a single band of 20 kD on western blots of mouse brain (manufacturer's data sheets). The goat anti-VIP antibody recognized a single band of 20 kD on western blots of mouse brain (manufacturer's data sheet); staining was eliminated by preincubation of the diluted antibody (1:100) with 20 μg/ml of the recombinant protein.
Staining for both anti-VIP antibodies colocalized fully when incubated together on intestine slides. Both antibodies stained a similar pattern of cellular morphology and distribution in the monkey and human ENS that was comparable to previous reports concerning VIP neurons (Anlauf et al., 2003; Greene et al., 2009; Chaumette et al., 2009) .
The rabbit and mouse anti-tyrosine hydroxylase (TH) antibodies each recognized a band of 60 kD on western blots of rat brain (manufacturer's data sheets). Staining for both anti-TH antibodies colocalized fully when incubated together on monkey intestine slides. Both antibodies stained a similar pattern of cellular morphology and distribution in the monkey and human ENS that was comparable to previous reports concerning catecholaminergic neurons (Anlauf et al., 2003; Greene et al., 2009 ).
The goat anti-choline acetyltransferase (ChAT) antibody recognized a band of 70 kD on western blots of rat brain (manufacturer's data sheet). Staining was eliminated by preincubation of the diluted antibody (1:100) with 50 μg/ml of the recombinant protein. The antibody stained a similar pattern of cellular morphology and distribution in the monkey and human ENS that was comparable to previous reports concerning cholinergic neurons (Anlauf et al., 2003; Chaumette et al., 2009; Bernard et al., 2009 ).
The mouse anti-HuC/D antibody recognized bands of 36, 40, and 42 kD on western blots of rat brain (Pascale et al., 2004) . The antibody stained a similar pattern of cellular morphology and distribution in the monkey and human ENS that was comparable to previous reports (Phillips et al., 2004; Murphy et al., 2007; Hoff et al., 2008; Bernard et al., 2009; Chaumette et al., 2009 ).
Immunostaining
After dewaxing and washing the sections in distilled water, antigen retrieval was performed using boiling 10 mM sodium citrate solution for 10 minutes. Sections were cooled to room temperature, washed with distilled water and 1% Tris-buffered saline pH 7.3 (TBS), blocked in 5% normal donkey serum (NDS), and incubated with primary antibody solution overnight at 4° C.
The following day, sections were washed with TBS and incubated with secondary antibody for 1-2 hours. Rabbit primary antibodies against nNOS, VIP, and TH were visualized with AlexaFluor488-conjugated goat antirabbit secondary antibody (1:200, Invitrogen, La Jolla, CA) or Cy3-conjugated donkey antirabbit secondary (1:200, Jackson Immunolabs, West Grove, PA). Goat anti-VIP was visualized with AlexaFluor488-conjugated donkey anti-goat secondary antibody (1:200, Invitrogen). Mouse primary antibodies against nNOS and TH were visualized with Cy3-conjugated donkey antimouse secondary (1:200, Jackson Immunolabs), and mouse anti-HuC/D was visualized with Cy3-conjugated donkey or goat anti-mouse secondary (1:200, Jackson). Immunofluorescent samples were washed with TBS and coverslipped using Aquamount.
The secondary antibody for goat anti-ChAT was biotinconjugated donkey antigoat (1:200, Jackson) and detected using enzyme-linked immunohistochemistry. After incubation with secondary antibody, sections were washed with TBS and exposed to ABC solution (Vector Labs, Burlingame, CA) for 45 minutes at room temperature. They were then washed with TBS and incubated with 3, 3′-diaminobenzidine (DAB) tetrachloride for 30 minutes. For histochemically stained sections, colabeling was performed serially, so after washing in TBS sections were incubated with mouse anti-HuC/D overnight at 4° C. On the third day the sections were washed with TBS, incubated with secondary antibody (Cy3 Donkey antimouse, 1:200) for an hour, washed, and coverslipped.
No labeling was observed when protocols were completed without exposure to primary antibody. Control experiments were performed to ensure there was no crossreactivity of secondary antibodies in colabeling experiments.
Neuron counting
Counting was performed on an upright Olympus BX-60 microscope by blinded observers. Neuronal cell body and nuclear diameters were measured using Slidebook imaging software (Intelligent Imaging Innovations). For chemical coding using double-label immunofluorescence, all positive neurons in each segment were counted and divided by total number of HuC/D-positive cells in each segment. For ChAT staining the total number of neurons was calculated as the sum of ChAT-positive and HuC/D-positive cell numbers because immunohisto-chemical deposition of DAB quenches HuC/D fluorescence. For evaluation of NOS/VIP colabeling, neurons were characterized as NOS-only, VIP-only, or NOS/VIP. In each monkey and human case, two to three sections from each GI segment were examined using each staining protocol. Percentages for each section were calculated individually from counts corrected for differences in object size using Abercrombie's formula (T/T + h, where T was section thickness [6 μm] and h was mean nuclear diameter for the neuron type of interest) (Abercrombie, 1946; Guillery, 2002) . Values from individual sections were averaged to obtain a single value for each case. Values for each case were averaged together and data are presented as mean ± standard error (n number of cases). Linear regression analysis was used to compare trends across GI segments in monkeys. Statistical comparisons between individual GI tract segments were made using repeatedmeasures analysis of variance (ANOVA) with post-hoc Bonferroni tests. P < 0.05 was considered significant.
Photomicrographs
Representative pictures were taken on an upright Olympus BX-60 microscope using an Olympus QColor 3 color camera. Adobe Photoshop (San Jose, CA) was used to adjust image size, brightness, and contrast.
RESULTS
Qualitative examination confirmed integrity of intestinal layers from mucosa to serosa, low levels of background staining, and discernable immunostaining for all sections and labeling techniques.
NOS, VIP, TH, and ChAT antibodies all labeled neuronal cell bodies in the monkey myenteric plexus (Figs. 1, 5; Supplemental Figures 1-3) . Perikaryal TH and VIP staining tended to have a granular pattern, whereas NOS and ChAT immunoreactivity were more diffuse in the cell body. NOS immunoreactivity was uniformly robust in neuronal cell bodies. As has been previously reported, cytoplasmic ChAT staining was variable in intensity. NOS, VIP, and TH staining was qualitatively similar between monkey and human samples.
The panneuronal antibody HuC/D was used to label all neurons in the myenteric plexus as the basis for relative quantification of neurochemical phenotype. For NOS, VIP, and TH, double-label immunofluorescence was used to quantify the proportion of each subtype (Fig.  1A) . All neurons positive for NOS, VIP, or TH were also HuC/D-positive. For cholinergic neurons, combined immunohisto-chemistry (ChAT) and immunofluorescence (HuC/D), whereby ChAT-immunoreactivity quenched HuC/D fluorescence, was used to quantify proportions ( Fig. 1B,C) . The total number of neuron profiles counted per section for individual samples was comparable for all staining protocols. Table 3 demonstrates neuronal cell body and nuclear diameters were very similar for all neuronal sub-types in monkey and human myenteric plexus. Table 4 shows the number of monkey neuron profiles counted for each segment and neuron subtype. On average per case (± SEM) there were 154 ± 36 counted in the stomach, 250 ± 27 in the duodenum, 151 ± 13 in the jejunum, 209 ± 51 in the ileum, 270 ± 50 in the colon, and 429 ± 95 in rectum sections for each staining protocol. Table 5 shows the number of human neuron profiles counted for each segment and neuron subtype. On average per case (±SEM) there were 72 ± 27 counted in the stomach, 150 ± 37 in the duodenum, and 315 ± 68 in the colon for each staining protocol. While each of the specimens examined were of approximately the same length, these data should not be interpreted with regard to absolute numbers of neurons per segment. However, they do demonstrate the extent of the counting performed to provide context for the proportional data.
Proportion of neuron phenotypes in the myenteric plexus
There are striking overall patterns in the neurochemical coding of the monkey myenteric plexus as depicted by the quantitative distribution of each major neuron subtype (Fig. 2) . In particular, there is a graded increase in the proportion of nitric oxide myenteric neurons from the stomach, where they are in low abundance at 22 ± 3%, to the rectum, where they comprise about half of the myenteric neuron population (52 ± 2%) ( Fig. 2A) . Conversely, VIP neurons are relatively abundant in the stomach (37 6 6%), but a minor population (6-14%) in the rest of the GI tract ( Fig. 2B ). There is a decrease in the proportion of cholinergic myenteric neurons from the stomach, where they are the majority at 70 ± 5%, to the rectum, where they comprise a minority (47 ± 5%) ( Fig. 2C ). Catecholaminergic neurons are rare in the monkey myenteric plexus, on the order of 0.2-2.2%, depending on segment ( Fig. 2D ).
Comparing the abundance of certain myenteric neurons in rhesus monkey to that from human samples highlights several interesting similarities and differences. In general, as in the monkey, the proportion of NO neurons in the human myenteric plexus is higher in transverse colon (46 ± 4%) than proximal segments (27 ± 3% in stomach and 32 ± 2 in duodenum; Fig. 3 ). Conversely, but again as in the monkey, VIP neurons are more prominent in the proximal GI tract, particularly the stomach, where they account for half (50 ± 4%) of myenteric neurons. For both NO and VIP the relative abundances in human are comparable to that in the monkey. In contrast, the proportion of catecholaminergic neurons is significantly higher in the human myenteric plexus (Fig. 3) . In humans, a significant proportion of myenteric neurons were TH-positive (11 ± 3% in stomach; 6 ± 2% in duodenum; and 4 ± 1% in colon), whereas almost no TH-positive neurons were detected in the monkey (0.9 ± 0.5% in stomach; 0.2 ± 0.2% in duodenum; and 0.3 ± 0.2% in colon).
Qualitative assessment of different neural phenotypes innervating the gut wall NOS, VIP, TH, and ChAT antibodies labeled varicose processes innervating every segment of the monkey GI tract. Without more quantitative methods, detailed conclusions about relative distribution of innervation were precluded; however, several critical points were clear.
First, myenteric ganglia at almost every level of the monkey GI tract were surrounded by processes of all four neuronal phenotypes (Fig. 4) . Second, processes expressing NOS, VIP, and ChAT were very prominent in the circular muscle layer and less obvious in the longitudinal muscle layer in all GI tract segments, while processes expressing TH were nearly absent from the muscle layers ( Fig. 4) . Third, TH-positive processes were commonly observed surrounding submucosal blood vessels (Fig. 4K, inset) . Fourth, VIP-positive processes were frequently found in the mucosal layer and villi (Fig. 4E, inset) .
Colocalized phenotypes in the myenteric plexus
We performed colocalization studies for NOS, VIP, and TH. Our staining showed no consistent coexpression of either NOS or VIP with TH in either cell bodies or processes in the GI tract of rhesus monkey (Fig. 5A,B ). The only possible exception was one myenteric neuron in the stomach that appeared to be detected on adjacent sections as positive for NOS and TH (Fig. 4A,J) . NOS and VIP demonstrated a considerable degree of overlap in myenteric neurons and circular muscle processes (Fig. 5C) ; 10-74% of NO neurons were positive for VIP. This coexpression was higher in proximal GI tract (74 ± 5% in the stomach) and lower distally (10 ± 4% in the colon and 25 ± 2% in the rectum) ( Fig. 6A ). On the other hand, the proportion of VIP neurons that were NOS-positive trended in the opposite direction, with 45 ± 5% of VIP neurons expressing NOS in the stomach and 91-99% of VIP neurons expressing NOS distal to the duodenum (Fig. 6A) . These data indicate that the greater relative abundance of myenteric NO neurons in the distal GI tract is primarily a reflection of higher numbers of NOS-only neurons (Fig. 6B ).
DISCUSSION
The present study demonstrates the neurochemical coding of myenteric plexus neurons in different segments of the GI tract in rhesus monkey for the first time.
The main findings of this study are: 1) the relative distribution and abundance of NO, VIP, and Ach neurons in the monkey myenteric plexus are similar to other mammalian species, including humans; and 2) NO and VIP are sometimes cotransmitters in the monkey ENS. In general, the neurochemical anatomy of myenteric neurons in relationship to different segments of the GI tract is remarkably conserved across mammalian species, which has led us to focus our discussion on the potential implications of neurochemical differences in the myenteric plexus on overall function of the GI tract. We will first discuss the relative distribution of NO and VIP neurons in different segments of the GI tract, their anatomical overlap in the myenteric plexus, and how their relationship as cotransmitters changes in a proximal to distal gradient. Second, we will address the relatively low abundance of catecholaminergic myenteric neurons and its potential implications. Finally, we discuss the relative abundance of excitatory Ach neurons and its relationship to the other neuronal phenotypes examined throughout the length of the GI tract.
NOS distribution in the myenteric plexus
These data show that NO is a prominent neurotransmitter in the monkey ENS. Not only do a significant proportion of myenteric plexus neurons express NOS in neuronal cell bodies, but fibers innervating circular muscle and myenteric ganglia are dense. This anatomy implies a role in the monkey for NO as a transmitter in efferent motor neurons and enteric interneurons, similar to that observed in other species. Interestingly, there is a progressive increase in the proportion of myenteric neurons expressing NOS from proximal to distal GI segments. NO fibers demonstrate a similar pattern. The quantitative difference is considerable in that about one out of five myenteric neurons in the stomach body express NOS, while half use NO as a neurotransmitter in the rectum. Results from human myenteric plexus were qualitatively similar, with the proportion of myenteric neurons expressing NOS higher in the colon (46%) than the duodenum (32%) and stomach body (27%).
Our results are in agreement with a single recent report that 51% of colonic myenteric neurons are NOS-positive in rhesus monkey . Until now, direct comparison of the proportion of NOS neurons among GI tract segments within primate (human or non-human) subjects has not been made. Data from separate earlier studies support our results, including percentages of NOS myenteric neurons in humans ranging from 43-51% in colon (Porter et al., , 2002 Murphy et al., 2007) to 40% in gastric fundus (Pimont et al., 2003) . Estimates in small intestine have ranged from 20-38% in limited samples (Belai and Burnstock, 1999; Brehmer et al., 2006) . In a study of rat ENS, 25% of stomach neurons, 21% from small intestine, and 36% from large intestine were positive for NOS (Ekblad et al., 1994a,b) ; these relative proportions can vary with strain (Jarvinen et al., 1999; Greene et al., 2009) . Similarly, Sang and Young (1996) reported that 26% and 35% of neurons in small and large intestine of mice, respectively, were NOSpositive. In general, results suggest that an increase in the proportion of myenteric neurons expressing NOS in a proximal to distal GI gradient is a fairly consistent finding across mammalian species.
The prominence of NOS in the colon and rectum suggests NO is important for maintenance of normal colon motility, colonic reflexes, and defecation. Tracing studies have implicated NO as a transmitter in primary descending motor neurons in the myenteric plexus, and pharmacological or genetic blockade of NOS activity causes uncoordinated spasm of intestinal smooth muscle accompanied behaviorally by slowed GI transit (Costa et al., 1992; Mizuta et al., 1999; Mashimo et al., 2000; Brehmer et al., 2006; Sivarao et al., 2008) . Both results suggest that direct inhibition of smooth muscle contraction is an important function of NO in the ENS in many species; NOS-positive processes innervating circular muscle demonstrate an anatomical substrate likely underlying a similar function in monkeys and humans.
VIP distribution in the myenteric plexus
Our data show a distribution of VIP in the monkey ENS that mirrors that of NOS. VIP is expressed in nearly 40% of myenteric neurons in the stomach body of the monkey but a significantly lower percentage in subsequent segments. VIP distribution in human myenteric neurons paralleled that in the monkey and confirmed previous results; 50% of human myenteric neurons in the stomach expressed VIP, and less than 10% of colonic myenteric neurons were VIP-positive. Similar to NOS, VIP fibers were dense in the circular muscle and myenteric ganglia; however, VIP fibers were also frequent in mucosal and submucosal layers. Anlauf et al. (2003) demonstrated that myenteric VIP neurons were higher in number in the proximal GI tract and tended to decrease toward distal segments (59% in the stomach vs. 13% in colon). The relatively dense mucosal and submucosal VIP innervation observed in both that and the present study is likely derived from VIP neurons in the submucosal plexus where VIP-positive neurons have been described to be the majority in humans (Anlauf et al., 2003) . Other reports support the conclusion that VIP-positive neurons are significantly more abundant in the stomach than in other levels of the GI tract in humans and rodents Pimont et al., 2003; Greene et al., 2009) .
Studies have implicated VIP as a transmitter in primary muscle motor neurons, secretomotor neurons, interneurons, and possibly intestinofugal neurons in the myenteric plexus, which are all consistent with the present results as well as previously reported anatomical data in humans (Furness, 2000; Anlauf et al., 2003; Brehmer et al., 2006) . With respect to neuromuscular transmission, VIP is predominantly inhibitory and causes relaxation . Conversely, VIP can be excitatory to myenteric neurons and secretory epithelium. Pharmacological or genetic blockade of VIP has been shown to slow GI transit, potentially by disrupting VIP neurotransmission at any of those three sites (Shi and Sarna, 2008) . The anatomical pattern observed in monkey and human myenteric plexus suggests that VIP may be especially important for the modulation of proximal gut motility, particularly gastric motility and emptying.
NO and VIP are cotransmitters in the monkey myenteric plexus
Our colabeling studies show that there is significant overlap between NOS and VIP in the monkey myenteric plexus. For demonstration purposes, we divided neurons with regard to VIP or NOS expression into three categories: NOS-only, VIP-only, NOS/VIP. Of course, neurons expressing NOS, but not VIP, may express other neuro-transmitters or neuromodulators. For that matter, so might neurons expressing VIP, but not NOS, or those expressing both.
Colocalization of NOS and VIP has been reported previously in enteric neurons from rats, guinea pigs, and humans (Costa et al., 1992; Aimi et al., 1993; Pimont et al., 2003; Brehmer et al., 2006) . In general, these neurons are thought to be descending inhibitory motor neurons, and the colocalization we observed in circular muscle processes supports a similar role in monkeys. In guinea pigs, some NOS/VIP neurons may be excitatory descending interneurons, also raising that possibility in primates (Furness, 2000; Brehmer et al., 2006) . Limited human data indicate that the percentage of VIP neurons that express NOS is relatively stable across GI segments while the percentage of NOS neurons expressing VIP is lower and more variable Pimont et al., 2003; Brehmer et al., 2006) . The present results from monkey add interesting anatomical context to the relationship between NOS and VIP in the myenteric plexus. In particular, myenteric neurons expressing NOS without VIP increase dramatically in abundance in a proximal to distal gradient, essentially accounting for the entire disparity in NOS neurons between the stomach and rectum. An increase in NOS+/VIP-processes in circular muscle parallels the change in myenteric neuronal cell body coding. Neurons expressing both NOS and VIP or VIP alone follow the VIP pattern of greater abundance in the stomach and less in more distal GI segments.
It is likely the differing ratio between NO and VIP at different levels has significant impact on GI tract motility and coordination. As discussed above, the relative distributions of the two transmitters would suggest that VIP is critical in the proximal GI tract while NOS plays a more prominent role distally. Of course, the relationship is assuredly more complex because not only do the relative proportions of myenteric neurons change, but the interrelationship between NOS and VIP changes as well. Distal to the duodenum, the majority of NO neurons express NOS, but not VIP. The relative lack of coexpressing neurons in the large intestine suggests that the role of NOS/ VIP cotransmission may be less central to motility in the distal GI tract than in the stomach, although even a small subpopulation of NOS/VIP neurons could be critical to maintaining normal colon function.
TH distribution in the myenteric plexus
Myenteric neurons in mice and humans expressing TH have been previously reported to lack dopamine-β-bhydroxylase, indicating they are dopaminergic (Anlauf et al., 2003; Li et al., 2004) . Conversely, many TH-positive fibers innervating the myenteric plexus and other layers of the GI tract (e.g., submucosal blood vessels) are noradrenergic and represent extrinsic sympathetic innervation (Anlauf et al., 2003) . The current experiments examined only TH immunoreactivity, so we used the broader term "catecholaminergic" in discussing TH-positive innervation.
While they were a significant minority (<4-11%) in human myentric plexus, we observed intrinsic catecholaminergic neurons to be extremely rare (0-2%) in the monkey myenteric plexus. Catecholaminergic innervation of the myenteric ganglia was dense, possibly representing primarily extrinsic sympathetic input. In rodents, certain populations of enteric neurons have been thought to be transiently catecholaminergic during development, but presumed to convert to other neuronal subtypes or be lost in adults (Teitelman, 1981; Gershon, 1984; Baetge, 1990) . Recently, as much as 10% of enteric neurons in adult mice have been described to be dopaminergic (Li et al., 2004) . We demonstrated a small contingent of persistently catecholaminergic neurons in the myenteric plexus of adult mice and rats. In mice, we reported that about 0.5% of myenteric neurons in the ileum and jejunum express TH, which is in agreement with others (Anderson et al., 2007; Qu et al., 2008) . The proportions we detected in rats tend to be lower in the ileum and colon (<2%) than in the stomach (about 15%) ). Anlauf et al. (2003) reported a similar distribution in humans, where as many as 20% of myenteric neurons in the stomach, but fewer than 5% in the colon, are catecholaminergic; our present results confirm that qualitative distribution in human samples (Fig. 3) . A recent report concerning the colon ENS in MPTP-treated primates suggested that, in contrast to our results, over 10% of colonic myenteric neurons expressed TH . We are confident that our labeling protocol is sufficiently sensitive, given the robust and clear positivity of a small population of myenteric neurons for TH in monkeys, as well as the close agreement of our human investigations with previously published results. One potential cause of this discrepancy, as well as the differing reports in rodents, is the recently described plasticity of enteric neurons with regard to TH expression (Chevalier et al., 2008) . Additionally, we observed marked plasticity of TH in an enteric neuronal cell line and primary enteric neuron culture in response to toxic insults and growth factors (Anitha et al., 2009) . The results in general suggest that there might exist in the ENS a population of neurons that have the potential to significantly increase TH expression (from either zero or very low levels) depending on the situation. These results need to be taken into careful consideration when discussing the role of enteric catecholaminergic neurons in GI motility and the effects of human disease states, such as diabetes and Parkinson's disease, on enteric neurons.
ChAT distribution in the myenteric plexus
In this study, cholinergic neurons were most numerous in proximal GI tract in monkeys and decreased in abundance distally; cholinergic fibers were dense in circular muscle and myenteric ganglia throughout the GI tract. The proportion of ChAT-positive neurons in the colon myenteric plexus detected in this study is slightly higher than that reported in the single published report in the rhesus monkey ). In humans, results are somewhat variable, but gastric fundus has been reported to have a higher density of myenteric ChAT neurons than colon, 58% versus 33-48%, respectively Pimont et al., 2003; Murphy et al., 2007) . In guinea pig, two-thirds of myenteric neurons in the stomach express ChAT (Schemann et al., 1995) . Vesicular acetylcholine transporter (VAchT) as a marker detected a higher proportion of cholinergic neurons in human myenteric plexus on the order of 65-72% (Anlauf et al., 2003) . That result may indicate a higher sensitivity of VAchT for detection of enteric cholinergic neurons; however, that study employed PGP 9.5 as a general neuronal marker, which may not be as sensitive as HuC/D (Phillips et al., 2004; Murphy et al., 2007) . Dense cholinergic processes detected in this and other studies innervating both muscle layers and the myenteric plexus most likely represent a combination of fibers from intrinsic neurons and extrinsic parasym-pathetic fibers from the dorsal motor nucleus of the vagus nerve and sacral spinal nuclei (Porter et al., 1996 Anlauf et al., 2003; Furness, 2006; Murphy et al., 2007) .
This distribution and innervation pattern is consistent with the idea that cholinergic myenteric neurons are the primary excitatory motor neuron in the monkey myenteric plexus, as they are in humans and rodents (Anlauf et al., 2003; Furness, 2006) . The prominence and density of ChAT staining in the monkey is also consistent with a broad role of Ach in the ENS beyond efferent motor neurons to enteric interneurons, secretomotor neurons, intrinsic primary afferent neurons, and intestinofugal neurons that has been described in rodents (Furness, 2006; Qu et al., 2008) .
In the stomach, cholinergic myenteric neurons significantly outnumber NOS neurons by over a 3:1 margin, but the ratio is more balanced in the colon and rectum, where NOS neurons are more abundant. The exact implications of this proximal to distal gradient are unknown, but a review of data available in the literature suggests that it is preserved across species and perhaps made more complex by the finding that a small population of myenteric neurons has been reported to coexpress both markers (Murphy et al., 2007) . A similar increase in the relative proportion of non-adrenergic, non-cholinergic (NANC) neurons has been described in the human myenteric plexus (Anlauf et al., 2003; Beck et al., 2009 ). As discussed above, comparable results have been reported for guinea pigs, mice, and rats (Matini et al., 1995; Sang and Young, 1996; Porter et al., 1997; Jarvinen et al., 1999; Pimont et al., 2003; Brehmer et al., 2006; Furness, 2006; Murphy et al., 2007) . Regional differences in the neuro-chemistry of regulatory neurons in each region have implications with regard to the specific function of that region. For example, in Hirschsprung's disease, where there is aganglionosis of the distal GI tract, obstructive contractions prevent transit of contents, indicating greater reliance on neural-mediated muscle relaxation in the colon and rectum. In addition, the relaxation that precedes a food bolus in the colon has been reported to be greater than in the small intestine (Frigo and Lecchini, 1970) . Both findings highlight the importance of muscular inhibition in the distal GI tract and correlate with the neurochemical anatomy (Furness, 2006) .
SUMMARY
We directly compared the relative abundance of several myenteric neurochemical phenotypes between GI segments in rhesus monkeys and humans. In comparison with other species, most notably humans, the proximal to distal gradients of cholinergic, NO, and VIP neurons in the myenteric plexus of the rhesus monkey are similar. NO and VIP are cotransmitters in the monkey myenteric plexus, but their relationship changes substantially along the GI tract also in a proximal to distal gradient. Intrinsic TH-positive neurons are rarer in rhesus monkeys than in humans, but it is possible that their abundance varies based on GI activity or other factors. In the future, exploring the distribution and colocalization patterns of other prominent enteric neurotransmitters, such as substance P, ATP, and others, would help to generate a more complete characterization of neurochemical phenotypes in the monkey myenteric plexus.
Differences in digestive and storage functions of different segments of the GI tract are reflected in significant differences in neurochemical coding of myenteric neurons. Based on these findings, when exploring the effect of disease states on the neurochemical coding of the ENS, regional differences must be taken into account. Given the similarity of enteric neurochemical coding relative to humans, rhesus monkeys are likely to be a valid model for the study of enteric neuronopathies and other gastrointestinal diseases affecting the ENS in humans.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Distribution of major neuronal subtypes in rhesus monkey myenteric plexus. A: NOS myenteric neuron distribution. B: VIP myenteric neuron distribution. C: Cholinergic (ChAT) myenteric neuron distribution. D: TH myenteric neuron distribution. Bars are mean ± SEM from five animals. The proportion of neuron subtypes varies based on GI tract segment. There is a progressive increase in abundance of NO neurons (R 2 = 0.72, F = 70.3, P < 0.0001 for slope > 0) and a decrease in ChAT neurons (R 2 0.44, F = 22.3, P < 0.0001 for slope < 0). Dashed lines represent 95% confidence bands for linear regression. *P < 0.05 vs. stomach, repeated measures ANOVA with post-hoc Bonferroni test. Differential distribution of NOS-, VIP-, ChAT-, and TH-positive processes in the GI tract. Proximate sections from stomach (A,D,G,J), jejunum (B,E,H,K), and colon (C,F,I,L) from one monkey stained for NOS (A-C), VIP (D-F), ChAT (G-I), and TH (J-L). Circular muscle contains a substantial number of processes expressing NOS, VIP, and ChAT, but is sparsely innervated by TH. Arrows in A and J indicate a single neuron stained for both NOS and TH on adjacent sections. In each image, longitudinal muscle (LM) is to the left and circular muscle (CM) is to the right with myenteric ganglion cell layer (G) in between for cross- Coexpression of neurotransmitter markers in myenteric plexus in rhesus monkey. A: Colabeling for TH (red) and NOS (green) revealed minimal overlap in all GI segments examined. Section depicted is from duodenum. B: Colabeling for TH (red) and VIP (green) revealed minimal overlap in all GI segments examined. Section depicted is from colon. C: Colabeling for NOS (red) and VIP (green) revealed significant overlap (orange) that varied by segment. Section depicted is from duodenum. Overlap in circular muscle processes is also prominent. Magenta-green version depicted in Supplemental Figure 2 . Scale bar = μm. Distribution and colocalization of NOS and VIP in myenteric neurons along the GI tract from rhesus monkey. A: Percentage of VIP neurons also expressing NOS (hatched bars) is higher distal to the duodenum. The percentage of NOS neurons also expressing VIP (white bars) is lower distal to the stomach. *P < 0.05 vs. stomach, ANOVA with post-hoc Bonferroni. B: Absolute percentage of neurons was calculated based on percentages determined with HuC/D colabeling (Fig. 2) . There is a significant increase in the abundance of NOS-only myenteric neurons in the distal GI tract. 
